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% Process for production of calcium phosphate compoundcoated composite material. 

@ A process for production of a calcium phosphate com- 
pound-coated composite material is disclosed, comprising 
oxidizing a metallic substrate to form a layer of the oxide of the 
metal component of the metallic substrate on the surface 
thereof, and forming a coating layer of a calcium phosphate 
compound on the surface of the oxide layer. 
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Description 

PROCESS FOR PRODUCTION OF CALCIUM PHOSPHATE COMPOUND-COATED COMPOSITE MATERIAL 



FIELD OF THE INVENTION 

The present invention relates to a process for 5 
producing a composite material comprising a metal- 
lic substrate covered with a calcium phosphate 
compound which Is excellent in affinity to the tissue 
of bone or teeth and thus which is useful as an 
Implant material such as artificial bone, tooth and 10 
tooth root, or as a bonding material for such implant 
materials. 

BACKGROUND OF THE INVENTION 

A living body Implant material such as artificial 15 
bone and artificial tooth root(s) has been receiving 
great attention in recent years because when the 
bone Is broken and lost by an accident, for example, 
or the tooth is taken out. it can be restored by 
bonding the implant material or planting the implant 20 
material in the jaw bone, and thus the bone or tooth 
can be used in the nearly original form and a 
comfortable life can be enjoyed. Since, however, the 
implant material is embedded in the. living body, it is 
essential that the material be harmless to the human 25 
body and must satisfy such requirements as having 
sufficiently high strength, good processabllity no 
dissolution, suitable specific density and good 
affinity to the living body. 

Metals such as noble metals, alloys such as stain 30 
less steel, ceramics such as a-alumina, and in 
addition, apatite have heretofore been used as the 
implant material. These materials, however, have at 
least one of such disadvantages that toxicity Is 
exhibited, strength is insufficiently low, processa- 35 
bility is poor, dissolution occurs, and affinity to the 
living body is poor. 

In order to eliminate the above disadvantage, it 
has been desired to develop metals or ceramics 
which, when apatite is coated on the surface thereof. 40 
provide a composite material having good affinity to 
the living body. For this purpose, a technique to 
bond metal and ceramic, or to bond ceramic and 
ceramic is needed. As such a metal-ceramic bond- 
ing technique or ceramic-ceramic bonding tech- 45 
nique, only a plasma spray coating method has been 
known. This plasma spray coating method, however, 
has disadvantages in that the yield of expensive 
apatite particles is low and the bonding between the 
coating and the substrate is not always sufficiently 50 
high. Moreover, if the plasma spray coating method 
is applied under too severe conditions, partial 
decomposition occurs during the spray coating 
process and it becomes necessary to apply addi- 
tional treatments such as crystallization. 55 

In order to overcome the above prior art prob- 
lems, the present inventors with another has 
proposed an implant material in which a metallic 
substrate and a coating of a calcium phos phate 
compound are firmly bonded with an intermediate 60 
layer containing a calcium phosphate compound 
sandwiched therebetween (Japanese Patent Appli- 
cation Nos. 64012/86, 64013/86 and 70504/86. 



corresponding to U.S. Patent Application Serial 
No. 29,519 filed March 24, 1987), and an implant 
material in which a metallic substrate and a coating 
of calcium phosphate are bonded together with no 
intermediate layer sandwiched therebetween (Ja- 
panese Patent Application No. 169547/86. corre- 
sponding to U.S. Patent Application Serial 
No. 74.837 filed July 17. 1987). and moreover all can 
be produced without the use of the spray coating 
method. 

In these implant materials, the bonding strength 
between the metallic substrate and the coating of 
the calcium phosphate compound is sufficiently 
high. However, when they are embedded In the living 
body, the coating of the calcium phosphate com- 
pound having good affinity to the bone tissue may 
assimilate with the bond tissue, finally bringing the 
metallic substrate in direct contact with the bond 
tissue. Since the affinity of the metallic substrate to 
the bone tissue is poor, the bone tissue regresses, 
thereby degrading the bonding between the bone 
tissue and the metallic substrate, and in the worst 
case, the implant material may be rejected. 

SUMMARY OF THE INVENTION 

An object of the present invention Is to provide a 
process for production of a composite material 
which is good in workability, is of sufficiently high 
mechanical strength, has increased affinity to the 
bone tissue, and can maintain stable bonding 
properties over a long time, and thus which is 
suitable as an implant material such as an artificial 
bone and an artificial tooth root. 

The present invention relates to a process for 
producing a calcium phosphate compound-coated 
composite material which comprises oxidizing a 
metallic substrate either by heating or electrolytically 
to fonn a layer of the oxide of the metallic substrate 
component alone or a layer of a mixed oxide of the 
metallic substrate component and a metal compo- 
nent in the electrolyte: if desired, heating the metallic 
substrate to stabilize the surface thereof; and then 
forming a coating of a calcium phosphate compound 
on the surface thereof. 

The major feature of the present invention resides 
in that the oxide layer or mixed oxide layer of metal 
oxide or metal oxides, having relatively good affinity 
in the living body and having sufficiently high 
corrosion resistance is formed between the metallic 
substrate and the calcium phosphate compound 
coating by oxidizing either by heating or electrolyti- 
cally, and in that the oxide or mixed oxide layer, even 
when the calcium phosphate compound coating is 
absorbed in the bone tissue, prevents the metallic 
substrate from coming in direct contact with the 
bone tissue and the thus prevents degradation of 
the bonding properties between the metallic sub- 
strate and the bone tissue. 
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DETAILED DESCRIPTION OF THE INVENTION 

The first embodiment of the present Invention 
relates to a process for producing a calcium 
phosphate compound-coated composite mat^ial 
suitable as an implant material which comprises 5 
heat-oxidizing a metallic substrate to form on the 
surface of the metallic substrate a layer of the oxide 
of the metallic substrate component which is 
excellent in corrosion resistance in the living body, 
and then forming a coating of a calcium phosphate io 
compound such as apatite hydroxide excellent in 
affinity to the living body on the surface of the above 
oxide layer. 

The second embodiment of the present invention 
relates to a process for producing a calcium is 
phosphate compound -coated composite material 
suitable as an implant material which comprises 
electrolyzing a metallic substrate in an electrolyte to 
form on the surface thereof a coating of the oxide of 
the metallic substrate component alone or of a 20 
mixed oxide of the metallic substrate component 
and a metal component of the electrolyte, which is 
excellent In corrosion resistance in the living body, 
and then forming a coating of a calcium phosphate 
compound such as apatite hydroxide having excel- ^ 
lent affinity to the living body on the surface of the 
above oxide or mixed oxide layer. 

In accordance with the present invention, there 
can be obtained a composite material which can be 
bonded to the bone tissue, for example, in the living 30 
body with a sufficiently large affinity force, can hold a 
stable affinity force over a long time, and which does 
not exert adverse influences in the living body. 

The metallic substrate as used herein means a 
substrate made of metal selected from titanium, 35 
titanium alloys, stainless steel, a chromium-cobalt 
alloy and so forth which are stable In the living body. 
The titanium and titanium alloys include metallic 
titanium and titanium alloys of titanium and Ta; Nb, 
platinum group metals. Al. V and so forth. The 40 
stainless steel as used herein includes JIS (Ja- 
panese Industry Standards) BUS 304. 310 and 316. 
The cobalt-chromium alloy as used herein Includes 
corrosion resistant alloys such as a cobalt-chro- 
mium alloy for embedding In the living body. The 45 
metallic substrate made of the metal as described 
above may be in a form of. e.g., a plate and a bar, 
may be smooth on the surface, may have a porous 
surface like a sponge, or may be an expanded mesh 
or porous plate. The reason why the metals as so 
described above are used as the substrate is that 
the metals have a sufficiently high mechanical 
strength and can be easily molded In comparison 
with sintered materials and glass. 

The surface of the metallic substrate may be 55 
previously subjected to a rinsing treatment such as 
washing with water, acid, supersonic waves, steam 
and so on. to remove Impurities thereon and 
increase the uniformity of the oxide or mixed oxide 
layer formed by electrolysis. In addition, if desired, 60 
the surface of the metallic substrate may be made 
coarse by applying a blast and/or etching treatment 
to increase the affinity to the calcium phosphate 
compound layer as described hereinafter and at the 
same time, to conduct activation. The above etching 65 



includes, as well as chemical etching, physical 
etching such as sputtering. 

Then the metallic substrate is oxidized thermally 
or electrolytically to fomri an oxide or mixed oxide 
layer on the surface thereof. 

In the first embodiment of the invention, the 
surface of the metallic substrate is heat-oxidized to 
form a layer of the oxide of the metal component of 
the metallic substrate. On heating the metallic 
substrate in an oxidizing atmosphere such as air to 
about 400 to 1.000**C. the oxide layer is formed in a 
thickness depending on the type of the metallic 
substrate. In the case of a substrate having relatively 
high thermal resistance, as one made of titanium, a 
titanium alloy, stainless steel or a chromium-cobalt 
alloy, the thickness of the oxide layer is as relatively 
thin as about several ten to several hundred 
angstromes (A). Even with this thickness, the object 
of the present Invention can be attained. In some 
cases. It is preferred to form an oxide layer having a 
larger thickness. In this case. If necessary, acid 
treatment as described hereinafter can be applied or 
a metal hydride compound can be fonmed. 

For the add treatment, it suffices that the metallic 
substrate be treated with a solution containing a 
corrosive inorganic or organic acid such as hydro- 
chloric acid, sulfuric acid, nitric acid and oxalic acid 
by techniques such as the coating method and the 
soaking method. Thereafter, the oxide layer is 
fomied by heating to about 300 to 800° C. As a result 
of the acid treatment, the surface of the metallic 
substrate prior to heating is corroded, and the effect 
of the heating reaches deeper portions of the Inside 
of the layer, thereby forming an oxide layer having a 
larger thickness. For example, in the case of titanium 
or a titanium alloy, if the substrate is heated without 
application of the acid treatment, a yellow oxide is 
formed. On the other hand, if the substrate is heated 
after the acid treatment, a blue oxide layer having a 
relatively large thickness is formed and even after 
the formation of the oxide, the surface remains in the 
corrosion state, i.e., coarsened state and. therefore, 
it becomes possible to form more firmly the calcium 
phosphate compound coating layer. Also in the case 
of stainless steel, a chromium-cobalt alloy or other 
metals, like in the case of titanium and titanium 
alloys, a thick and stable oxide layer can be formed 
at lower temperatures. 

In the case where the metallic substrate Is made 
of stainless steel or a chromium-cobalt alloy, if an 
acid containing a halogen, such as hydrochloric acid, 
is used as the inorganic acid, the halogen some- 
times remains in the oxide layer, thereby exerting 
adverse Influences. In this case, therefore, It is 
prefen-ed to use sulfuric acid or nitric acid. ' 

Upon application of the acid treatment onto the 
metallic substrate, the metal hydride is usually 
formed at the same time on the surface of the 
metallic substrate. If the metal hydride is heated to 
about 400 to 700** 0 in an oxidizing atmosphere such 
as air. the con-esponding oxide layer can be 
obtained. The thickness of the metal hydride layer 
fomned by the above acid treatment reaches 0.1 to 
several tens of microns. For example, in the case of 
titanium or a titanium alloy, when the substrate is 
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treated for 20 to 40 minutes in 20 to 300/o boiling 
hydrochloric acid, a metal hydride layer having a 
thickness of 10 to 20 ^m can be obtained. When it is 
treated for 4 to 8 hours in 300/o oxalic acid 
maintained at tOO'^C, irregularities of the surface are 
increased and the surface becomes pear skin-like 
while at the same time a metal hydride layer having a 
thickness of 10 to 20 ^im is obtained. The metal 
hydride is easily oxidized on heating, thereby 
forming a dense oxide layer having the same 
thickness. Also In the case of stainless steel or a 
chromium-cobalt alloy, if the substrate is treated at 
room temperature for 2 to 10 hours In nitric acid, 
there can be obtained a metal hydride layer having a 
thickness of 10 to 20 ^m. 

For the formation of the metal hydride, as well as 
the above acid treatment, there can be employed a 
method in which metal hydride Is formed electrolytl- 
cally by passing electricity with the metallic sub- 
strate as a cathode. This method is particularly 
effective when the substrate is made of titanium or a 
titanium alloy; For example, when the substrate is 
treated for about 5 hours In a IS^Vb aqueous sulfuric 
add solution at 60° C. there can be obtained at a 
metal hydride coating having a thickness of 0.5 to 10 
^im. On heating the hydride at 400 to 700° C in the 
case of titanium or a titanium alloy, or at 400 to 
900° C in the case of other metal, the surface is 
converted into the corresponding stable oxide> 

In accordance with a second embodiment of the 
Invention, the metallic substrate is electrolytically 
oxidized to form an oxide or mixed oxide layer on the 
surface thereof. In general, when a current is passed 
through an electrically conductive electrolyte with 
titanium or a titanium alloy or a corrosion resistant 
metal alloy such as stainless steel as an anode, a thin 
layer of oxide In the passive state Is fonmed and the 
voltage rises, and thus the oxide reaches the super 
passive state, thereby releasing oxygen. The thick- 
ness of the thin layer of oxide until the above voltage 
is reached is several angstromes to several hundred 
angstromes, which Is effective for the object of the 
present invention. It is preferred that the thickness 
of the oxide layer be larger. A thick oxide layer can 
be formed by breaking the above passive state oxide 
layer at a high voltage by passing not less than 1 
A/dm2, preferably not less than 5 A/dm^ of current. 
Conditions necessary for forming the oxide layer 
vary with, for example, the type of the metallic 
substrate or the electrolyte. For example, with an 
electrolyte containing sulfuric acid, carbonates (e.g., 
sodium carbonate, potassium carbonate and cal- 
cium carbonate), and/or sulfates (e.g., sodium 
sulfate, potassium sulfate and calcium sulfate), an 
oxide layer having the desired thickness can be 
obtained by treating for 10 seconds to 2 minutes at a 
voltage of 40 to 200 V and a current density of 5 to 
200 A/dm2. At this time, flash Is sometimes 
generated in the electrolyte. This phenomenon is 
called "in-liquid flash discharge". 

At the time of passing electricity, there will occur a 
phenomenon that the surface of the metallic sub- 
strate is partially dissolved In the electrolyte and Is 
again deposited In the form of an oxide on the 
surface of the metallic substrate. If metal ions are 



present In the electrolyte, the metal component of 
the metallic substrate is deposited along with the 
metal ions, resulting in the formation of a layer of 
mixed oxide of the metal component of the metallic 
5 substrate and the metal in the electrolyte. For 
example, when a titanium substrate is used as the 
metallic substrate and oxidized in an aqueous 
chromium sulfate solution with the distance between 
electrodes as 30 mm, a current density of 100 A/dm^ 
10 is obtained at a voltage of about 40 V. and in a time of 
30 seconds to 1 minute, there can be obtained a 
mixed oxide layer of titanium oxide impregnated with 
chromium and having a thickness of 0.1 micron to 
several ten microns. 
15 The oxide or mixed oxide layer is formed on the 
entire surface of the metallic surface, and the 
surface of the oxide or mixed oxide layer has 
irregularities. These irregularities are effective in 
forming the calcium phosphate compound layer as 
20 described hereinafter because they increase the 
substantial contact area and produce improved 
bonding properties. The oxide or mixed oxide layer 
is relatively large in thickness, is low in crystallinity, 
and in some cases, contains part of the electrolyte 
25 component. If desired, therefore, the oxide or mixed 
oxide layer can be stabilized by heating. Heating is 
suitable to be carried out in air at 200 to 700° C. 
Heating time can be determined appropriately, but is 
suitably from 10 minutes to 3 hours. If the heating 
30 temperature is less than 200°C. the OH group which 
may be incorporated in the oxide layer cannot be 
separated. On the other hand, if it Is more than 
700° C, the metallic substrate itself is oxidized and 
even If the oxide layer is stabilized, the oxide layer is 
35 easily separated from the metallic substrate. 

When the metallic substrate is made of stainless 
steel or a cobalt-chromium alloy, unlike the case 
wherein the metallic substrate is made of titanium or 
a titanium alloy, it is necessary to pay attention to the 
40 electrolyte. That Is, if anode polarization Is carried 
out in an acidic solution, the metal surface is 
dissolved and the desired oxide layer becomes 
difficult to obtain. In a strongly alkaline solution, the 
oxide on the surface of the metallic substrate Is 
45 partially dissolved and thus, in some cases, a 
sufficiently grown oxide layer cannot be obtained. 
Therefore, it is necessary to choose an electrolyte 
having a pH of 6 to 13. Although the type of the 
electrolyte is not critical, an aqueous solution of the 
50 carbonate or sulfate of various metals, or an organic 
. bath containing these as the electrolyte is effectively 
used. Organic compounds to be used in the organic 
bath include ethyl alcohol, n-butyl alcohol and 
isopropyl alcohol. 
55 The oxide or mixed oxide layer can be fonmied 
similariy even with an electrolyte containing halogen 
ions such as chlorine ions. However, even if the heat 
treatment is applied, the halogen ions sometimes 
remain in. the layer. Thus, during long term use. 
60 stainless steel or a cobalt-chromium alloy is some- 
times corroded, thereby producing a problem of 
stability. Therefore, when stainless steel or a 
cobalt-chromium alloy is used as the metallic 
substrate, it is not preferred to use an electrolyte 
$5 containing a halogen. 
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The stainless steel and cobalt-chromium alloy has 
low rates of formation of the oxide layer and can 
withstand heating at 800''C or above. 

Even when metals or alloys other than the above 
described metals or alloys are used as the metallic s 
substrate, the desired oxide layer can be obtained 
by appropriately determining conditions depending 
on the characteristics of the metal. 

After the oxide or mixed oxide layer is formed on 
the surface of the metallic substrate, a calcium w 
phosphate compound coating Is formed on the 
oxide or mixed oxide layer. The calcium phosphate 
compound as used herein means mainly apatite 
hydroxide, and further Includes tricalcium phos- 
phate, calcium hydrogenphosphate and calcium is 
dihydrogen phosphate which are all considered to 
be by-produced by heating or calcination of apatite 
hydroxide, and calcium phosphate-based com- 
pounds formed from apatite hydroxide and im- 
purities or components of the oxide or mixed oxide 20 
layer. 

The method of forming the calcium phosphate 
compound coating and its conditions are not critical. 
Typical methods are the plasma spray coating 
method and the thermal decomposition method. 25 

The plasma spray coating method has an advant- 
age of being able to easily form the coating although 
it suffers from disadvantages In that It needs 
expensive apatite hydroxide and the yield is not 
sufficiently high. When spray coating is applied 30 
directly onto the metal, it should be carried out under 
severe conditions in order to obtain satisfactory 
bonding properties, and such severe conditions 
cause partial decomposition of the expensive apatite 
hydroxide, in the present invention, on the other 35 
hand, the calcium phosphate compound coating is 
formed on the oxide layer and sufficiently satisfac- 
tory bonding properties can be obtained even If 
spray coating is applied under such conditions as 
not to cause decomposition of apatite hydroxide. 40 

It suffices that the spray coating is canried out In 
an atmosphere comprising argon gas and hydrogen, 
and the electric power is about 30 l<W. The particle 
diameter of the apatite hydroxide is preferably 
intermediate in size, for example, from about 125 to 45 
345 mesh. 

In the case of the thermal decomposition method, 
a nitric acid aqueous solution in which a calcium 
phosphate compound, preferably apatite hydroxide 
is dissolved and preferably saturated is coated on 50 
the surface of the oxide layer and then calcined to 
form a coating layer having good bonding properties 
to the oxide layer on the metallic substrate, in this 
case, the calcination product is mainly a calcium 
phosphate compound comprising apatite hydroxide. 55 
The optimum calcination conditions vary with the 
solution to be used, partlculariy the nitric acid 
concentration. As the nitric acid concentration is 
increased, the optimum temperature is increased. 
The optimum temperature is 350 to 500^0 at IO0/0 60 
nitric acid and 450 to 800^*0 at 6OO/0 nitric acid. The 
calcination temperature is preferably in the range of 
300 to 800*^0. If the calcination temperature is less 
than 300" C. the strength of the calcium phosphate 
compound coating is Insufficiently low. On the other 65 



hand, if it is more than 800'C, the rate of oxidation of 
the metallic substrate is increased and separation of 
the oxide layer from the metallic substrate easily 
occurs. Although the calcination can be carried out 
in an oxidizing atmosphere exemplified by air. it is 
preferred to be carried out in an inert atmosphere 
exemplified by argon. 

The coating layer can also be formed by coating a 
solution of a mixture of calcium carbonate and 
calcium phosphate in a suitable ratio and then 
calcinating in an oxidizing or inert atmosphere. In 
this case, it is preferred that hydrothermal treatment 
be applied to increase crystallinity. 

In accordance with the above procedures, there 
can be obtained an implant material which Is good in 
workability, is sufficiently high in mechanical 
strength, has Increased affinity in the bone tissue 
and living body, and can hold stable bonding 
properties to the living body over a long time. 

The present invention is described in greater 
detail with reference to the following examples 
although it is not Intended to be limited thereto. 

Unless otherwise specified, all ratios, percents, 
etc. are by weight. 

EXAMPLE 1 

A 40 mm X 20 mm piece of stainless steel was cut 
out of a SUS 316L rolled sheet having a thickness 
of 1 mm. The surface of the piece was made coarse 
by applying blast treatment with a #80 steel shot. 
This piece was used as a metallic substrate. This 
metallic substrate was degreased with trichlo- 
roethylene vapor and then soaked in a 25 wto/o 
aqueous nitric acid solution at room temperature for 
30 minutes to remove surface attachments such as 
blast sand residue. 

The stainless steel substrate thus rinsed was 
coated with a 300/o aqueous nitric acid solution, 
dried by allowing to stand at room temperature, 
placed in a muffle furnace maintained at 600** C 
through which air was passed, and oxidized by 
heating for 15 minutes. On repeating this procedure 
three times, a stainless steel substrate with a blue 
oxide layer having a thickness of about 5 |im was 
obtained. 

Tape testing showed that the oxide layer was 
firmly bonded to the metallic substrate. 

On the oxide layer thus formed was formed a 
calcium phosphate compound coating composed 
mainly of apatite hydroxide by the method as 
described below. 

3 g of apatite hydroxide powder was dissolved In 
10 g of a 250/0 aqueous nitric acid solution to prepare 
a coating solution. This coating solution was coated 
on the oxide layer of the metallic substrate and 
thermally decomposed at 500^0 for 10 minutes in a 
muffle furnace while flowing argon therethrough to 
obtain the calcium phosphate compound coating. In 
addition, the coating-heating operation was re- 
peated three times. 

The calcium phosphate compound coating thus 
formed was made substantially of apatite hydroxide 
and firmly bonded to the metallic surface through the 
oxide layer. 
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EXAMPLE 2 

A 40 mm x 20 mm piece was cut out of a J IS No, 1 
titanium rolled sheet having a thickness of 1 mm and 
was subjected to the same pre-treatment as in 
Example 1 to prepare a metallic substrate. 

This titanium substrate was soaked in a 30 wfVb 
aqueous sulfuric acid solution maintained at 95® C 
for 15 minutes. During this soaking, hydrogen was 
vigorously generated simultaneously with dissolu- 
tion of titanium. The titanium substrate was taken out 
of the solution, placed as it was in a muffle furnace 
maintained at 550'' C, and kept therein for 20 
minutes. By this operation, a blue and strong 
titanium oxide layer was formed. The titanium 
substrate covered with titanium oxide was coated 
with apatite hydroxide powder adjusted in particle 
diameter to 125 to 345 mesh, by the plasma spray 
coating method. 

The plasma spray coating method was carried out 
under the following conditions: plasma gas (Ar/ 
H2 5/1 by volume); arc voltage: 60 V; arc current: 
500. 

By this spray coating, a strong coating of apatite 
hydroxide containing trtcalcium phosphate was 
formed. 

EXAI^PLE 3 

A metallic substrate was produced from a JIS 
No. 1 titanium rolled sheet having a thickness of 1 
mm in the same manner as in Example 1. Electrolysis 
was carried out in a 20Wo aqueous hydrochloric acid 
solution at eO^'C at a current density of 100 A/dm^ 
with the above titanium substrate as the cathode. By 
this operation, the surface of the titanium substrate 
become grey-white. An X-ray diffraction analysis 
showed that TiH2 was formed on the surface of the 
titanium substrate. 

The titanium substrate was heated at 450** C for 30 
minutes in a muffle fumace through which a mixed 
gas of 25volo/o of oxygen atom and 75volo/o of 
nitrogen was passed. At the end of the time, the 
surface of the metallic substrate became yellow- 
brown. An X-ray diffraction analysis showed that a 
rutile type oxide was formed on the surface of the 
titanium substrate. 

On the titanium substrate with the surface oxide 
layer formed thereon was formed an apatite hydrox- 
ide layer under the same conditions as in Example 1 . 
The apatite hydroxide layer was firmly bonded, and 
no peeling was observed In the tape testing. 

EXAMPLE 4 

A 40 mm x 20 mm piece was cut out of a JIS No. 1 
titanium rolled sheet having a thickness of 1 mm and 
then degreased in trichloroethylene vapor to prepare 
a metallic substrate. Electrolysis was carried out 
with the above metallic substrate as an anode and a 
SWo aqueous potassium carbonate solution as an 
electrolyte. When the current density was raised to 
50 A/dm2, flash was generated in the solution and 
the titanium substrate was partially dissolved, mak- 
ing the solution turbid. At this time, the voltage was 
70 V. Electricity was passed for 1 minute. At the end 
of the time, the titanium substrate was taken out and 
it was found that the surface of the titanium 



substrate was pear shin-like and covered with a 
white, hard coating. The titanium substrate was 
rinsed with deionized water and then dried. The 
white coating on the surface was identified by the 

5 use of an X-ray diffractometer and found to be rutile 
(TiOz) having a low degree of crystallinity. 

On the surface of the titanium substrate with the 
oxide layer formed thereon was formed a coating 
made rhainly of apatite hydroxide by the thermal 

10 decomposition method. That is. 3 g of apatite 
hydroxide powder was dissolved in 10 g of a 250^ 
aqueous nitric acid solution to prepare a coating 
solution for formation of the coating. This coating 
solution was coated on the above oxide layer and 

15 was subjected to thermal decomposition in an argon 
gas atmosphere at 500^0 for 15 minutes. This 
coating-heating operation was further repeated four 
times. Thus a very strong coating made substantially 
of apatite hydroxide was formed on the titanium 

20 substrate through the oxide layer of titanium oxide. 

EXAMPLE 5 

A titanium substrate was prepared in the same 
manner as in Example 4. Electrolysis was carried out 

25 with the titanium substrate as anode and an aqueous 
solution of a mixture of 50 g/l of cobalt sulfate and 50 
g/l of sulfuric acid as an electrolyte. When the 
current density was increased to 100 A/dm^, flash 
was generated in the solution and the titanium 

30 substrate was partially dissolved, making the solu- 
tion turbid. The voltage at this time was 50 V. After 
electricity was passed for 1 minute, the titanium 
substrate was taken out of the solution. The surface 
of the titanium substrate was pear skin-like and 

35 covered with a yellow-green hard coating. The 
titanium substrate was rinsed with deionized water 
and dried, and then place in an electric furnace 
through which air was flowed, maintained at 500"* C 
and heated for 1 hour. No change in color due to this 

40 heating was observed. 

In order to examine the constitutional component 
and structure of the mixed oxide layer above 
obtained, an elemental analysis was carried out by 
the use of an X-ray microanalyzer and also an 

45 analysis using an X-ray diffractometer was carried 
out. The elemental analysis showed that the con- 
stitutional component was Ti/Co = 9/5/5 (metal 
molO/o). The X-ray diffraction analysis showed that 
the oxide layer was of a rutile type crystal phase and 

50 was a solid solution of Co in a rutile type titanium 
oxide (Ti02). 

On this titanium substrate was formed a coating of 
apatite hydroxide under the same conditions as in 
Example 4. The bonding strength of the coating to 

55 the titanium substrate was measured by the tape 
testing. No separation of the coating was observed 
at all. 

EXAMPLE 6 

60 A 40 mm x 20 mm piece was cut out of a stainless 
steel SUS 316L sheet having a thickness of 1 mm, 
and its surface was made coarse by applying blast 
treatment with a #80 steel shot. This SUS 316L 
piece was soaked in a 25<Vo aqueous hydrochloric 

65 acid solution at 40*^0 for 30 minutes to remove 
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surface attachment. 

With the above stainless steel substrate as the 
anode, electrolysis was carried out in a 0.5 moiO^ 
aqueous calcium carbonate carbonate solution 
adjusted to pH 12 at 95** C. First the electrolysis was 5 
carried out at a current density of 0.5 A/dm^, but no 
oxide layer was formed on the surface. The electro- 
lysis was continued at a cun-ent density of 1 A/dm^. 
On continuing the electrolysis for about 30 minutes, 
the surface of the substrate became black and the io 
electrolytic voltage rose by 1 V. Further the electro- 
lysis was continued for 60 minutes. The voltage rose 
by 2 V. Then, since the voltage began to rise 
abruptly, the electrolysis was stopped. The stainless 
steel substrate was rinsed with deionlzed water, and 15 
then placed in an electric furnace maintained at 
350**C and heated for 1 hour. Examination of the 
surface of the substrate by the X-ray diffraction 
method showed that the surface was made of an 
oxide comprising mainly a-FezOz of low crystalllnity. 20 

On the above stainless steel substrate was 
formed a calcium phosphate compound coating 
made mainly of apatite hydroxide by the plasma 
spray coating method. On spray coating a reagent 
grade of apatite hydroxide power having a particle 25 
size of 125 to 345 mesh having a plasma gas of argon 
and hydrogen (volume ratio: 5/1) at an arc voltage of 
60 V and an arc cun^ent of 500 A, a coating having a 
thickness of about 100 ]im was formed. Tnis coating 
was apatite hydroxide containing a very small 30 
amount of tricalcium phosphate. The coating caused 
no separation in the tape testing, and it was found 
that the coating had great bonding properties. 

Some of the advantages of the present invention 
are described below. 35 

(1) Since metals, especially corrosion resis- 
tant metals such as titanium, titanium alloys, 
stainless steel and chromium-cobalt alloys are 
used as the metallic substrate and a layer of the 
oxide of metal including the metal component of 40 
the metallic substrate is formed on the surface 

of the metallic substrate by either heating or 
electrolytic oxidation, the composite material of 
the present invention, when used as an artificial 
bone or artificial tooth root, is harmless to the 4S 
living body, is stable, is almost free of the 
possibility of dissolution, and further Is suffi- 
ciently high in mechanical strength and is easy 
to work. 

(2) Since the surface of the metallic substrate 50 
is covered with a calcium phosphate compound 
exemplified by apatite hydroxide, the composite 
material of the present invention exhibits suffi- 
ciently high affinity in the living body and thus 

can be bonded to the bone In the living body 55 
with ease and further with high strength. 

(3) Since, as described above, the metal 
oxide layer is formed on the surface of the 
metallic substrate, even when the calcium 
phosphate compound particulariy excellent in 60 
affinity is absorbed In the bone tissue over a 

long time after Implantation in the living body, 
the oxide layer formed on the metallic substrate 
prevents the metallic substrate from coming 
into direct contact with the bone tissue and also 65 



prevents degradation of bonding properties 
between them as based on insufficient affinity 
between the bone tissue and the metallic 
substrate. Thus the calcium phosphate com- 
pound-coated composite material of the pres- 
ent Invention can be used as an implant material 
without causing any change in the stability 
thereof for a long time. 

(4) Since the metal oxide layer Is formed 
between the calcium phosphate coating and 
the metallic substrate and the coating can be 
firmly bonded on the metal oxide layer by 
plasma spray coating even under relatively mild 
conditions, the coating layer can be formed 
easily and It becomes possible to employ the 
spray coating method which has not been 
employed because of decomposition of apatite 
hydroxide. 

While the invention has been described in detail 
and with reference to specific embodiments thereof. 
It will be apparent to one skilled In the art that various 
changes and modifications can be made therein 
without departing from the spirit and scope thereof. 



Claims 

1. A process for producing a calcium phos- 
phate compound-coated composite material 
which comprises oxidizing a metallic substrate 
to form a layer of an oxide of the metal 
component of the substrate on the surface of 
the substrate, and forming a coating layer of a 
calcium phosphate compound on the surface of 
the oxide layer. 

2. The process as claimed In claim 1, wherein 
the metallic substrate is made of a corrosion 
resistant metal or alloy selected from the group 
consisting of titanium, titanium alloys, stainless 
steel and cobalt-chromium base alloys. 

3. The process as claimed in claim 1 , wherein 
the layer of the oxide of the metal component Is 
formed by heat-oxidizing the metallic substrate. 

4. The process as claimed In claim 3. wherein 
the surface of the metallic substrate Is pre- 
viously subjected to acid treatment to convert 
the metallic substrate surface Into metal hy- 
dride and then the surface is heat-oxidized. 

5. The process as claimed in claim 3. wherein 
the surface of the metallic substrate is pre- 
viously converted into metal hydride by passing 
electricity in an electrolyte with the metallic 
substrate as a cathode, and then the surface is 
heat-oxidized. 

6. The process as claimed in claim 1 , wherein 
the metallic substrate is electrolytically oxidized 
in an electrically conductive electrolyte with the 
metallic substrate as an anode to form a layer of 
the oxide of the metallic substrate component 
alone or a layer of a mixed oxide of the metallic 
substrate component and a metal component 
of the electrolyte. 

7. The process as claimed in claim 6, wherein 
the metallic substrate Is titanium or a titanium 
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alloy and is electrolyzed in an electrolyte 
containing sulfuric acid, a sulfate and/or a 
carbonate at a current density of not less than 1 
A/dm^ to form the oxide or mixed oxide layer on 
the surface of the metallic substrate. 5 

8. The process as claimed in claim 6. wherein 
the metallic substrate is titanium and is electro- 
lyzed in an electrolyte containing cobalt and/or 
chromium ion at a current density of not less 

than 1 A/dm^ to form a mixed oxide layer io 
containing cobalt and/or chromium on the 
surface of the metallic substrate. 

9. The process as claimed in claim 6, wherein 
the metallic substrate is stainless steel or a 
chromium-cobalt base alloy and is electrolyzed 15 
In a neutral or weak alkaline aqueous solution or 

an organic solution as an electrolyte as a 
current density of not less than 1 A/dm^ to form 
an oxide layer on the surface of the metallic 
substrate. 20 

10. The process as claimed in claim 6, wherein 
the metallic substrate is stainless steel or a 
chromium-cobalt base alloy and is electrolyzed 
in an electrolyte containing cobalt and/or 
chromium at a current density of not less than 1 25 
A/dm^ to fomi a mixed oxide layer containing 
cobalt and/or chromium. 

11. The process as claimed in claim 6, wherein 
the metallic substrate with the oxide layer 
formed thereon Is heated in air at 200 to 700*C. 30 
and then a coating of a calcium phosphate 
compound is formed. 
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